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Abstract
Recent studies have suggested that the zebrafish pancreas develops from a single pancreatic anlage, located on the dorsal aspect of the
developing gut. However, using a transgenic zebrafish line that expresses GFP throughout the endoderm, we report that, in fact, two
pancreatic anlagen join to form the pancreas. One anlage is located on the dorsal aspect of the developing gut and is present by 24 h
postfertilization (hpf), the second anlage is located on the ventral aspect of the developing gut in a position anterior to the dorsal anlage and
is present by 40 hpf. These two buds merge by 52 hpf to form the pancreas. Using heart and soul mutant embryos, in which the pancreatic
anlagen most often do not fuse, we show that the posterior bud generates only endocrine tissue, while the anterior bud gives rise to the
pancreatic duct and exocrine cells. Interestingly, at later stages, the anterior bud also gives rise to a small number of endocrine cells usually
present near the pancreatic duct. Altogether, these studies show that in zebrafish, as in the other model systems analyzed to date, the pancreas
arises from multiple buds. To analyze whether other features of pancreas development are conserved and investigate the influence of
surrounding tissues on pancreas development, we examined the role of the vasculature in this process. Contrary to reports in other model
systems, we find that, although vascular endothelium is in contact with the posterior bud throughout pancreas development, its absence in
cloche mutant embryos does not appear to affect the early morphogenesis or differentiation of the pancreas.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
The pancreas contains two types of glandular tissue that
carry out essential physiological functions. The endocrine
tissue releases the hormones Insulin, Somatostatin, Pancre-
atic polypeptide, and Glucagon directly into the blood
stream, while the exocrine tissue produces digestive en-
zymes, such as Trypsin, Amylase and Carboxypeptidase A,
that are delivered to the digestive tract through a network of
ducts. Morphogenesis of the developing pancreas has been
described in a number of organisms. In chick (Kim et al.,
1997), Xenopus laevis (Kelly and Melton, 2000), and the
teleost fish Medaka (Assouline et al., 2002), the pancreas
develops from three buds that emerge from the gut tube, two
from its ventral aspect, and one from its dorsal aspect. In
mouse, although there are initially three buds that arise from
the gut tube at the point of contact between the endoderm
and the vasculature (Lammert et al., 2001), the pancreas
develops from only two of these buds, one dorsal and one
ventral (Slack, 1995; Edlund, 2002; Lammert et al., 2003).
So far, all studies have indicated that pancreas develop-
ment in zebrafish occurs differently than in other vertebrates
in that there is a single pancreatic anlage (Argenton et al.,
1999; Biemar et al., 2001; Huang et al., 2001). Studies
following expression patterns of early pancreatic markers,
such as insulin (ins) and pancreatic duodenal homeobox 1
(pdx1), have shown two populations of cells that converge
at the midline between the 14- and 18-somite stages to form
a single bud of pancreatic tissue at the level of the fourth
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somite (Biemar et al., 2001). Expression of many endocrine
genes has been detected in this midline cluster of cells
(Argenton et al., 1999; Biemar et al., 2001).
Few markers of exocrine cell differentiation have been
cloned in zebrafish. Of those, the earliest expressed is
trypsin (try), which appears at 48 hpf in the cells sur-
round the single pancreatic islet (Biemar et al., 2001).
The lack of earlier expressed exocrine markers has pre-
vented examination of whether there is a single cell
population that gives rise to both pancreatic cell types, or
whether the exocrine and endocrine cells originate from
different locations.
In this study, we use a transgenic zebrafish line in
which GFP is expressed throughout the endoderm (Field
et al., 2003), together with expression analysis of ins,
pdx1 (Milewski et al., 1998), try (Biemar et al., 2001),
Somatostatin (Sst), and Islet-1 (Isl1) to examine pancreas
morphogenesis and the location of several pancreatic cell
types within the developing digestive system. We provide
evidence for the existence of two distinct pancreatic
anlagen—a ventral anterior bud and a dorsal posterior
bud—that join to form the definitive pancreas. We further
show that the dorsal posterior bud gives rise only to
endocrine cells, while the ventral anterior bud gives rise
to the exocrine cells, the pancreatic duct, and a small but
reproducible supply of endocrine cells. In addition, we
use cloche (clo) mutant embryos, which lack endothelial
cells from an early stage (Stainier et al., 1995; Liao et al.,
1997; Thompson et al., 1998), to investigate the role of
the vasculature in zebrafish pancreas development.
Materials and methods
Embryo culture and zebrafish stocks
Fish and embryos were maintained, collected, and
staged as described (Westerfield, 1995). Endodermal
GFP expression was achieved by using embryos homozy-
gous for the gutGFP transgene (Field et al., 2003). Em-
bryos homozygous for the hasm567 mutation (Stainier et
al., 1996; Horne-Badovinac et al., 2001) and the clos5
Fig. 1. Two anlagen make up the pancreas. (A–D) Two-dimensional projections of confocal stacks. (E–H) Whole-mount in situ hybridization with pdx1.
Ventral views, anterior to the top. The posterior anlage (arrowhead) is clearly visible at 34 hpf (A), and 40 hpf (B), but is obscured by the anterior bud (arrow)
at 44 hpf (C) and 52 hpf (D). pdx1 expression is found in both structures before (E, F) and after (G, H) they come into contact. At 52 hpf, (D, H) the pancreas
appears as a single structure. L, liver. Scale bar, 50 m.
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Fig. 2. Morphogenesis of the anterior and posterior buds. [In all sections, dorsal is to the top, and right is to the reader’s left to maintain orientation with the
ventral views shown throughout the paper.] (A–D) The anterior pancreatic bud initiates morphogenesis adjacent to the lateral plate mesoderm and the yolk
cell. Transverse sections of wildtype gutGFP embryos showing pdx1 expression in purple (A, C), endodermal GFP expression (green), and actin staining (red)
(B, D). The A/P level of the these sections was determined by using landmarks such as the nephron primordia (outlined by solid yellow lines) and the posterior
end of the developing swim bladder. The first sign of anterior bud morphogenesis occurs by 34 hpf (A, B) as a ridge (arrow) of tissue on the ventral right
side of the intestinal bulb primordium (ib). (C, D) At the same A/P level at 38 hpf, the anterior pancreatic bud has stretched to the embryo’s right (toward
the embryonic midline) and is still in contact ventrally with the yolk cell. The lateral and dorsal edges of the anterior pancreatic bud are in contact with the
surrounding mesodermal cells, outlined by red actin staining. (E–H) The posterior bud is the pancreatic islet. Transverse sections through wildtype gutGFP
embryos at 24 hpf. Endodermal GFP expression shown in green (E), Sst in red (F), and actin in blue (G). (H) Overlay. The posterior structure (arrow) contains
Sst–positive cells clustered on the dorsal side of the endodermal rod (e). The hypochord and endothelial cells (Fig. 5) separate the pancreatic islet from the
notochord (*, outlined by a dashed yellow line) at this stage. s, somite; nt, neural tube; e, endodermal rod; *, notochord; ib, intestinal bulb primordium; y,
yolk. Scale bars, 25 m.
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mutation (Wayne Liao and D.Y.R.S., unpublished obser-
vations) were collected along with wildtype siblings as
controls. Embryos homozygous for the clom378 mutation
(Stainier et al., 1996) and wildtype embryos, either ho-
mozygous or heterozygous for the flk-1:GFP transgene
(D.B., Jau-Nian Chen, D.Y.R.S., unpublished observa-
tions), were used in our analyses of the role of vascular
endothelium in pancreas development.
Immunofluorescence and RNA in situ localization
Immunofluorescence analysis of protein expression
was performed with guinea pig anti-Insulin antibody (no
dilution; Biomeda), rabbit anti-Somatostatin antibody (1:
100; ICN Biomedicals, Inc.), and mouse anti-Islet anti-
body (8:100; hybridoma 39.4D5). The anti-Islet anti-
body, developed by Thomas M. Jessell, was obtained
from the Developmental Studies Hybridoma Bank devel-
oped under the auspices of the NICHD and maintained by
The University of Iowa, Department of Biological Sci-
ences, Iowa City, IA 52242. Embryos were fixed for 2 h
at room temperature with 3.7% formaldehyde in PEM
(0.1 M Pipes, 1.0 mM MgSO4, 2 mM EGTA, pH to 7 with
NaOH), washed in PBS, manually deyolked, and incu-
bated overnight at 4°C in primary antibody diluted with
0.3% Triton X and 2% sheep serum in PBS. After re-
moval of the primary antibody, embryos were mounted in
4% SeaPlaque agarose (BioWhittaker Molecular Appli-
cations) in PBS. Bound antibody was detected on trans-
verse vibratome sections (150 m thick for transverse
and 200 m thick for ventral views) by using Alexa
Fluor-647 or Alexa Fluor-594 conjugated to either goat
anti-mouse IgG or goat anti-guinea pig IgG antibodies
(1:200; Molecular Probes). To visualize actin, transverse
vibratome sections were incubated in rhodamine-labeled
phalloidin (1:100; Molecular Probes).
Confocal images were acquired by using a Leica TCS
NT confocal microscope. Image overlays were assembled
by using Adobe Photoshop 5.0 LE. Two-dimensional
projections were generated by using Scion Image version
4.0.2. Three-dimensional rotation movies were generated
by using Scion Image version 4.0.2 and QuickTime ver-
sion 5.0.2.
In situ hybridization was performed with digoxigenin-
labeled RNA probes for ins, pdx1 (Milewski et al., 1998),
and try (Biemar et al., 2001). Whole-mount in situ hy-
bridization was performed as described (Field et al.,
2003). In situ hybridized embryos were mounted in JB-4
Embedding Medium (Polysciences, Inc.) and 5-m thick
sections obtained by microtome sectioning. Images were
acquired by using a Zeiss Axioplan, equipped with a
Zeiss color Axiocam digital camera running Axiovision
3.0 software.
Results
Two buds contribute to the developing pancreas
While analyzing the gutGFP transgenic line which ex-
presses GFP throughout the endoderm (Field et al., 2003),
we noticed a previously undocumented structure originating
from the ventral aspect of the intestinal bulb primordium
just posterior to the nascent liver. This structure is not
apparent in whole-mount preparations at 34 hpf (Fig. 1A),
but by 40 hpf it clearly projects ventrally from the intestinal
bulb primordium toward the embryo’s right (Fig. 1B). It
remains a discrete bud for approximately 4 h, after which it
becomes juxtaposed with a more dorsal posterior aggrega-
tion of cells, slightly to the right of the midline (Fig. 1C). By
52 hpf, these two buds have fused, and the posterior bud is
no longer in direct contact with the intestine (Fig. 1D).
The anterior bud maintains its connection with the ali-
mentary canal just posterior to the oesophagus, and this
connection forms the pancreatic duct. These morphoge-
netic changes are presented as three-dimensional recon-
structions of confocal optical sections (see supplemental
data).
To determine whether this anterior structure has pancre-
atic identity, we first examined pdx1 expression at 34, 40,
44, and 52 hpf (Fig. 1E–H). pdx1 expression in the pancreas
is well conserved across species (reviewed in Slack, 1995;
Edlund, 2002), although it is also expressed in nonpancre-
atic tissues. We found that pdx1 is expressed in both the
anterior and posterior buds at all stages analyzed as well as
in the intestinal bulb primordium early, and, at 52 hpf, in the
oesophagus and intestinal bulb. The fact that the anterior
bud expresses pdx1 together with the morphological data
presented above indicate that it contributes to the develop-
ing pancreas.
To further characterize the development of this anterior
bud, we analyzed its location with respect to surrounding
tissues. Transverse sections of the gutGFP line, as well as
embryos stained for pdx1 expression, reveal a ridge along
the ventral side of the intestinal bulb primordium at 34 hpf
(Fig. 2A and B). There are no genes currently known to be
specific to the anterior pancreatic bud, so we were unable to
confirm the identity of this ridge molecularly. However, the
location of this ridge is consistent with that of the anterior
pancreatic bud, which at 40 hpf extends to the embryo’s
right (Fig. 2C and D). We used landmarks such as the
nephron primordia (Drummond et al., 1998), and the caudal-
most end of the developing swim bladder to confirm that we
were visualizing the gut at the same A/P level. The ventral
ridge, and later the anterior pancreatic bud, are directly
adjacent to the yolk ventrally, and the lateral plate meso-
derm dorsolaterally (Fig. 2A–D), with the connection to the
intestinal bulb primordium situated approximately at the
level of the third somite.
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Identity of the two pancreatic buds
Previous analyses have shown that, by 24 hpf, cells of
the pancreatic islet are located in a cluster at the level of the
fourth somite, and express pdx1, ins, glucagon (glu), soma-
tostatin (sst), and islet-1 (isl1) (Biemar et al., 2001; Argen-
ton et al., 1999; Huang et al., 2001). The location and
morphology of the dorsal posterior aggregation of cells in
the gutGFP transgenic line suggests that this structure cor-
responds to the previously described pancreatic anlage.
Data from protein expression analyses in the gutGFP trans-
genic line concur with this hypothesis. Sst expression (Fig.
2E–H), as well as Ins and Isl1 (data not shown) are located
in the posterior bud confirming that the dorsal posterior bud
is the previously described pancreatic anlage.
Morphological data combined with gene expression
analyses strongly suggest that the newly discovered anterior
bud forms part of the mature pancreas, but the identity of the
tissues that derive from this bud was not clear. At 52 hpf,
pdx1 expression shows the pancreas as a single structure
with a bulbous “head” attached to the alimentary canal by
the pancreatic duct at a position between the oesophagus
and the intestinal bulb (Fig. 3A). A single cluster of ins-
expressing cells is located in the head of the pancreas (Fig.
3B) surrounded by cells expressing try (Fig. 3C). The pan-
creatic duct expresses pdx1 (Fig. 3A), but lacks try expres-
sion (Fig. 3C). Since exocrine gene expression is first de-
tected after the anterior and posterior anlagen have joined,
analysis of exocrine gene expression in wildtype embryos is
uninformative with respect to the origin of these try-positive
exocrine cells.
To determine which cell types are derived from the
anterior pancreatic bud, we analyzed pancreatic gene ex-
pression in has mutant embryos (Stainier et al., 1996). has
encodes aPKC, a tight junction protein required for the
formation and maintenance of a number of epithelia in the
zebrafish embryo (Horne-Badovinac et al., 2001). One of
the reported phenotypes of has mutant embryos is a pan-
creas positioned symmetrically with respect to a nonlooping
gut (Horne-Badovinac et al., 2001). The finding that there
are not one but two pancreatic anlagen prompted us to
reexamine the has mutant pancreatic phenotype. We found
that, at 52 hpf, the duplicated structures express pdx1 and
attach to the alimentary canal between the oesophagus and
intestinal bulb (Fig. 3D), while the posterior pancreatic bud,
which expresses pdx1 (Fig. 3D) and ins (Fig. 3E), remains
a dorsal midline structure separate from the duplicated an-
terior structures. Since the duplicated pancreatic structures
have a clear pancreatic duct connecting them to the ventral
aspect of the alimentary canal, we concluded that they
represent a duplication of the anterior pancreatic anlage,
while the single posterior bud remains a separate, midline
structure. The isolation of the anterior and posterior buds
from one another during pancreatic development in has
mutant embryos provided a system in which to study their
respective cellular components.
To identify the location of the exocrine component of the
pancreas, we analyzed try expression at 52 hpf. In has
mutant embryos, try expression is present in bilateral
patches that correspond to the heads of the duplicated an-
terior buds, but is consistently absent from the midline
posterior bud (n  28, Fig. 3F). These data show that
exocrine cells, as well as the pancreatic duct—identifiable
by morphology (data not shown) and by the presence of
pdx1 expression but the absence of try expression—are
developing from the anterior pancreatic bud. The consistent
absence of try from the posterior bud suggests that it gives
rise only to the pancreatic islet.
Gene expression studies conducted at 76 hpf showed
essentially the same results as those described above: the
duplicated anterior buds contain try-expressing pancreatic
exocrine cells, and the posterior bud remains a separate
midline structure absent of any try expression (data not
shown). However, there was one striking difference: At 52
hpf, ins expression is consistently found only in the poste-
rior bud in has mutant embryos (n 22) (Fig. 3E), but at 76
hpf, 84% of has mutant embryos (n  32) possessed ins-
expressing cells outside the islet (Fig. 4B). In all instances,
these ins-expressing cells were at the level of, or anterior to,
the islet. This observation was not specific to the has mutant
as 83% of wildtype embryos (n  24) also showed ins-
expressing cells outside of the islet (Fig. 4A). To determine
the location of these stray ins-expressing cells, we analyzed
Ins expression in the gut GFP line at 76 hpf. We found that,
at this stage, Ins-positive cells found outside the islet are
usually located in or near the pancreatic duct in both wild-
type and has mutant embryos (Fig. 4C and D). Cells ex-
pressing Isl1 and Glu or Sst are also found in this region of
the pancreas (data not shown).
The role of vascular endothelium in pancreas
development
Studies carried out in mouse and Xenopus have shown
that, in the absence of vascular endothelial cells, pdx1-
positive endoderm fails to differentiate into ins-producing
endocrine cells (Lammert et al., 2001). To assess the role of
vascular endothelium in zebrafish pancreas development,
we first analyzed the location of vascular endothelium with
respect to the anterior and posterior pancreatic buds by
using a transgenic line expressing GFP under the control of
the zebrafish flk1 promoter (D. B., Jau-Nian Chen and
D.Y.R.S., unpublished observations). We started our anal-
ysis at the 18-somite stage at which time flk1-positive vas-
cular endothelial cells are already in close association with
the posterior bud (Fig. 5A). Between 24 and 40 hpf, the
posterior bud maintains contact with the dorsal aorta and
posterior cardinal veins (Fig. 5B–D), while the anterior bud
does not appear to be in contact with any endothelial cells
(Fig. 5E). Endothelial cells are also seen extensively
throughout the pancreatic islet by approximately 52 hpf
(Fig. 5F).
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To study pancreas development in the absence of vascu-
lar endothelial cells, we examined the pancreas of clo mu-
tant embryos, which appear to lack most endothelial cells
(Stainier et al., 1995; Liao et al., 1997; Thompson et al.,
1998). General pancreas morphology was assessed by ex-
amining pdx1 expression at 52 hpf. clo mutant embryos
Fig. 3. Pancreatic duct and exocrine tissue develop from the anterior bud. (A–F) Whole- mount in situ hybridization of wildtype (A–C) and has mutant
embryos (D–F) at 52 hpf. Ventral views, anterior to the top. (A) In wildtype embryos, pdx1 expression is found throughout the entire pancreas, including
the pancreatic duct (bracket), as well as in the oesophagus (o) and intestinal bulb (ib). (B) ins expression is found in a cluster of cells sitting at the center
of the try expression domain (C). (D) In has mutant embryos, the anterior pancreatic bud is duplicated, as seen with pdx1 expression. The islet (outlined in
yellow) remains separate from the anterior structures. (E) Examination of ins expression reveals that only the posterior islet contains ins-positive cells at this
time. (F) try expression is found only in the duplicated anterior structures. o, oesophagus; ib, intestinal bulb.
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Fig. 4. Insulin-positive cells arise within the anterior pancreatic bud. (A, B) Whole- mount in situ hybridization at 76 hpf. (C–F) Two-dimensional projections
of confocal stacks showing Ins (red) expression and GFP expression in the endoderm. Ventral views, anterior to the top. At 76 hpf, both wildtype (A) and
has mutant embryos (B) exhibit ins- expressing cells (arrowheads) outside of the major islet structure (circled). Ins staining in the gutGFP line shows these
Ins-positive cells situated near the pancreatic duct in both wildtype (C) and has mutant embryos (D) [areas outlined in (C, D) are cropped and enlarged in
(E, F)]. L, liver; gb, gall bladder; pd, pancreatic duct; ib, intestinal bulb.
were identified based on their severe heart phenotype at this
stage. In clo mutant embryos, although the level of pdx1
expression in the intestinal bulb is reduced compared with
wildtype, pancreatic pdx1 expression appears mostly unaf-
fected (Fig. 6A and B). In some clo mutant embryos, the
morphology of the pancreas is abnormal which could be due
to the severe edema. To assess the differentiation of pan-
creatic tissues in the absence of vascular endothelium, we
examined the expression of the endocrine gene ins and
exocrine gene try. Both ins and try are expressed in 52 hpf
clo mutant embryos in a pattern expected from the morpho-
logical analysis with pdx1 (Fig. 6C–F), and at a level com-
parable to wildtype.
Since it was formally possible that the ins-positive cells
seen in clo mutant embryos at 52 hpf originated from the
anterior bud which, unlike the posterior bud, is not normally
in contact with vascular endothelium, we analyzed the pos-
terior bud of clo mutant embryos for the presence of differ-
entiated endocrine cells at 24 hpf. On the basis of flk-1:GFP
expression, we sorted clo mutant embryos and their wild-
type siblings at 24 hpf and examined transverse sections.
Surprisingly, we saw no difference in the number or posi-
tion of Isl1- or Ins-positive cells in clo mutant embryos,
despite the apparent absence of endothelial cells in this
region (Fig. 6G and H).
Discussion
Spatiotemporal development of the zebrafish pancreas
In all vertebrates where it has been examined in detail,
the pancreas develops from two or three endodermal anla-
gen that bud independently from the intestine and join to
form the definitive pancreas (Slack, 1995; Kim et al., 1997;
Kelly and Melton, 2000; Assouline et al., 2002; Edlund,
2002; Lammert et al., 2003). However, in zebrafish, previ-
ous studies have suggested that the pancreas develops from
a single structure arising dorsally on the developing intes-
tine (Argenton et al., 1999; Biemar et al., 2001; Huang et
al., 2001). Using the gutGFP line to observe endoderm
morphogenesis, we have identified a second pancreatic an-
lage which is located ventrally and anterior to the previously
described dorsal pancreatic bud.
Previous analyses of endocrine-specific gene expression
have described zebrafish pancreas development starting at
the 10-somite stage, the time when pdx1-positive cells are
first detected (Biemar et al., 2001). Two bilateral popula-
tions of pdx1-expressing cells converge to the midline by
the 18-somite stage by which time a subset of these cells
express ins, isl1, sst, and pax6.2. Based on the location and
movements of the endoderm between the 10- and 18-somite
stages (Ober et al., 2003), we propose that the 2 patches that
converge at the midline do not represent a more ancestral
form of 2 mammalian buds, as has been suggested (Biemar
et al., 2001), but rather that these cells take on a pancreatic
identity before the endoderm has coalesced at the midline.
In this model, the movement of these patches to the midline
is not specific to pancreas morphogenesis but generally
reflective of early endoderm morphogenesis. Once at the
midline, the subsets of pdx1-expressing cells that also ex-
presses ins, sst, and glu undergo morphogenesis as a single
dorsal anlage (Biemar et al., 2001). The condensation of this
pancreatic bud likely represents the initial step in pancreas
morphogenesis. It should be noted that, although we refer to
this pancreatic anlage as a pancreatic bud, there are no data
to date showing whether these cells are integrated into the
developing intestine and subsequently bud out to form a
separate structure, or whether they remain separate from the
rod of endoderm, sitting dorsal and adjacent to, but not
incorporated within, the intestinal primordium.
Data presented here describe a subsequent morphoge-
netic event in pancreas organogenesis, the budding of a
ventral anterior pancreatic anlage by 40 hpf. Before this
structure is apparent, the lateral plate mesoderm lies
alongside the intestinal bulb primordium at the level
where the anterior pancreatic bud develops, making the
lateral plate mesoderm a potential source for signaling
molecules to stimulate morphogenesis, and possibly help
establish the exocrine identity of the anterior pancreatic
bud. In addition to its close proximity to the lateral plate
mesoderm, the area of the intestinal bulb primordium that
gives rise to the anterior pancreatic bud is also adjacent
to the yolk cell. Therefore, the yolk syncytial layer must
also be considered as a candidate source for signals
regulating the development of the anterior pancreatic
bud. Like in mouse, the cells contributing to the anterior
pancreatic bud lie close to the liver, although in zebrafish,
liver morphogenesis begins several hours before the ini-
tiation of the anterior pancreatic bud. Also, in mouse the
ventral pancreatic buds appear where the vitelline veins
contact the endoderm (Lammert et al., 2001), while in
zebrafish there does not appear to be any association of
the vascular endothelium with the anterior pancreatic
bud. It will be interesting to identify the signals regulat-
ing the development of the anterior pancreatic bud and
determine whether retinoic acid and Hedgehog signaling,
which have been indicated in the development of the
posterior pancreatic bud (Roy et al., 2001; Dilorio et al.,
2002; Stafford and Prince, 2002), are also involved in the
development of the anterior pancreatic bud.
The two zebrafish pancreatic anlagen appear to contain
distinct cell types
In mouse and chick, the dorsal and ventral pancreatic
anlagen each gives rise to both endocrine and exocrine cells
(Kim and Hebrok, 2001). An independent origin of endo-
crine and exocrine populations has been suggested in both
Medaka and Xenopus laevis, in which the dorsal pancreatic
bud appears to give rise exclusively to the islet (Kelly and
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Melton, 2000; Assouline et al., 2002; Horb and Slack,
2002).
Using available markers, exocrine gene expression can
not be detected in zebrafish until after the anterior and
posterior buds have fused, thus it is not possible to
determine which anlage gives rise to which cell type in
wildtype embryos. To answer this question, we analyzed
pancreatic gene expression in has mutant embryos in
which the anterior and posterior pancreatic anlagen re-
main separated. Based on the spatially distinct regions of
endocrine and exocrine gene expression in has mutant
embryos, we propose that the anterior bud forms the
pancreatic duct and the exocrine tissue, while the poste-
rior bud forms the islet. With the tools currently avail-
able, we cannot rule out the possibility that contact of the
two buds might induce exocrine cell differentiation in
posterior bud-derived tissues as well. However, since
these pancreatic anlagen can express differentiation
markers while remaining separate, we conclude that en-
docrine and exocrine cells can at least partly differentiate
independently of each other.
We observed that, at 76 hpf, both wildtype and has
mutant embryos exhibit additional Ins-expressing cells
within the pancreas but outside the islet. The location of
these Ins-expressing cells suggests that there is a popu-
lation of cells within the anterior pancreatic bud which
has the ability to give rise to endocrine cells, and that
contact with the posterior bud is not necessary to induce
their differentiation. These cells may arise from within
the pancreatic duct, as is suspected to occur in mouse (Gu
et al., 2003) or from within the exocrine component
which would suggest the presence of bipotential precur-
sors. This latter explanation is consistent with data in
zebrafish transiently lacking functional Pdx1: such em-
bryos have reduced endocrine and exocrine cell popula-
tions at 48 hpf, but the pancreas recovers by 5 days
postfertilization (Yee et al., 2001). The cell proliferation
leading to the recovery of both endocrine and exocrine
cells occurs only in the exocrine component of the pan-
creas (Yee et al., 2001). This observation is consistent
with the existence of precursor cells contained within the
exocrine component, and thus presumably derived from
the anterior bud, that can give rise to both endocrine and
exocrine cells. Although we have not ruled out the pos-
sibility that these Ins-expressing cells could migrate from
the islet into the anterior pancreatic bud, the fact that the
pancreatic anlagen in has mutant embryos do not usually
come in contact makes this explanation unlikely. We
therefore suggest that in zebrafish there are two popula-
tions of endocrine cells based on their developmental
origin: one that arises from the posterior pancreatic bud,
and the other from the anterior pancreatic bud, presum-
ably from a multipotential cell. It will be interesting to
better characterize this latter population of endocrine
cells by determining whether they arise directly from the
pancreatic duct or through a bipotential precursor in the
exocrine tissue, as well as analyze what regulates their
emergence.
Vascular endothelium does not appear to be necessary for
zebrafish pancreas development
Work by Lammert et al. (2001) has shown that the
initiation of pancreas development in mouse is coincident
with vascular endothelial cells contacting specified
endoderm. In addition, isolated competent prepancreatic
endoderm expresses the pancreatic endocrine marker ins
in the presence, but not absence, of dorsal aorta. Further-
more, removal of the dorsal aorta in Xenopus embryos
blocks endocrine cell differentiation. These data indicate
that signals from vascular endothelial cells are necessary
for pancreatic endocrine differentiation. We have shown
that zebrafish pancreas morphogenesis, as well as endo-
crine and exocrine differentiation, occur relatively nor-
mally in clo mutant embryos which lack most endothelial
cells (Stainier et al., 1995; Liao et al., 1997; Thompson et
al., 1998). flk-1-expressing cells are found in clo mutant
embryos, although they are mostly located in the poste-
rior region of the embryo and the ectodermal region of
the hindbrain (Liao et al., 1997), thus physically far from
the pancreas. There are a few plausible explanations for
the apparent lack of conservation between this aspect of
pancreas development in zebrafish and other vertebrates.
The vascular endothelial cells may be signaling to the
posterior pancreatic bud in zebrafish but are not the only
inducers of endocrine differentiation and other tissues are
compensating in their absence. It is also possible that
signals provided by endothelial cells in mouse and Xe-
nopus are produced by a different cell type in zebrafish.
A new model of zebrafish pancreas development
Based on the results presented here, we would like to
propose a new model of zebrafish pancreas development
which incorporates both the ventral anterior and dorsal
posterior pancreatic anlagen (Fig. 7). At 34 hpf, the
posterior pancreatic bud is already present as a cluster of
cells dorsal, and slightly medial, to the developing intes-
tine. Endocrine gene expression is present in this poste-
rior bud. The anterior pancreatic bud begins as a ridge on
the ventral side of the intestinal bulb primordium at 34
hpf contiguous with the developing liver, and by 40 hpf,
it has extended ventrally and to the right beyond the
developing intestine. The anterior pancreatic bud main-
tains a connection to the intestinal bulb primordium and
grows out toward the posterior pancreatic bud. By 44 hpf,
the two anlagen have come into contact, with the anterior
pancreatic bud ventral to the posterior bud, and by 52 hpf,
the two buds have fused. The connection of the anterior
bud to the alimentary canal forms the pancreatic duct,
while the posterior bud, which progressively becomes
surrounded by exocrine cells from the anterior bud, forms
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the islet. Presumably, proliferation of cells derived from
the anterior pancreatic bud leads to the formation of the
exocrine pancreas tail, which can be seen at 76 hpf, and
total engulfment of the islet by exocrine tissue, which is
clearly seen by 5.5 days of development (Biemar et al.,
2001; data not shown).
The identification of two spatially distinct pancreatic
anlagen, as well as two spatially distinct origins for
endocrine cells in zebrafish, has important implications
on the study of pancreas development and cell differen-
tiation. Since the posterior pancreatic bud gives rise only
to endocrine tissue, the zebrafish provides a model sys-
tem in which the developmental program of these cells
can be studied in isolation from that of exocrine pancreas
or bipotential precursor cells. In addition, the understand-
ing of anterior pancreatic bud development will help shed
Fig. 5. Vascular endothelium and pancreas development. (A–F) Transverse sections showing GFP expression in endothelial cells (green), Islet-1 (blue),
and actin staining (red) in wildtype embryos at the 18-somite stage (A), 24 hpf (B), 30 hpf (C), 34 hpf (D), 40 hpf (E), and 52 hpf (F). [Dorsal is to
the top, and right is to the reader’s left to maintain orientation with the ventral views shown throughout the paper.] As early as the 18-somite stage
(A), vascular endothelial cells (green) of the fusing dorsal aorta (arrowheads) are in contact with the developing pancreatic islet (blue). By 24 hpf and
throughout the rest of pancreas morphogenesis, the islet is in close association with the dorsal aorta (arrowhead) and the posterior cardinal veins (gray
arrows) (B–D). At 40 hpf (E), the developing anterior bud (outlined in yellow) does not appear to be in direct contact with vascular endothelium. The
identity of the anterior bud was determined based on tissue morphology and A/P location within the embryo, using landmarks such as the nephron
primordia (n) and the posterior end of the developing swim bladder. At 52 hpf (F), vascular endothelial cells are found within the islet. n, nephron
primordia; *, notochord; ib, intestinal bulb primordium (E) and intestinal bulb (F). Scale bar, 50 m.
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light on the nature of phenotypes such as that caused by
the slim jim mutation (Pack et al., 1996), which results in
the absence of exocrine but not endocrine cells.
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Fig. 6. Vascular endothelium does not appear to be necessary for pancreas development. (A–F) Whole-mount in situ hybridization of wildtype (A, C,
E) and clo mutant embryos (B, D, F) at 52 hpf. Ventral views, anterior to the top. Although the level of pdx1 expression in the intestinal bulb (ib)
appears reduced in clo mutant embryos (B), the morphogenesis of the pancreas (arrow) has occurred normally. At 52 hpf, both endocrine and exocrine
tissues have differentiated normally in clo mutant embryos, as assessed by ins (D) and try (F) expression, respectively. (G, H) Transverse sections
at 24 hpf showing GFP expression in endothelial cells (green), Isl-1 (red), and Ins (blue). (G) In wildtype embryos, cells of the posterior pancreatic
bud express Isl-1 (red). Ins is restricted to the cytoplasm [appears purple due to the overlay with red Isl-1]. The posterior bud contacts the dorsal aorta
(arrowhead) and the posterior cardinal veins (grey arrows). (H) The posterior pancreatic bud of clo mutant embryos, which lack endothelial cells (as
shown by the absence of flk-1:GFP-expressing cells), contains a wildtype-like number of Isl-1 and Ins-positive cells. Nonspecific Ins staining can be
seen ventral to the islet in both clo mutant embryos and their wildtype siblings. o, oesophagus; ib, intestinal bulb.
Fig. 7. A new model of zebrafish pancreas development. Sketches showing the anterior (arrow) and the posterior (arrowhead) pancreatic buds. All
sketches represent ventral views of the endoderm, anterior to the top. At 34 hpf, a ridge on the ventral side of the intestinal bulb primordium,
contiguous with the developing hepatic region (L), is the first sign of anterior pancreatic bud morphogenesis. At this time, the posterior pancreatic
bud is a single cluster of cells dorsal and adjacent to the developing intestine. By 40 hpf, the anterior bud has grown ventrally and to the right,
extending beyond the edge of the intestinal bulb primordium. At 44 hpf, the two pancreatic anlagen are in contact, the anterior pancreatic bud sitting
ventral to the posterior bud. The connection of the anterior bud to the intestine gives rise to the pancreatic duct. At 52 hpf, cells from the anterior
bud have merged with the posterior bud which is no longer in contact with the intestinal bulb. By this time, endothelial cells are present in the pancreas.
It is also around 52 hpf that exocrine specific genes are first expressed. By 76 hpf, exocrine tissue from the anterior bud completely surrounds the islet
and extends caudally to form the pancreatic tail. The swim bladder develops dorsal to, but does not have direct contact with, the pancreas. s, swim
bladder; gb, gall bladder; L, liver.
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